Indoleacetic acid (IAA) oxidase has been reported to be involved in plant growth because of its alleged role in the control of endogenous IAA levels. This purported role was reevaluated in terms of the properties and subceliular location of the enzyme in etiolated pea (Pisum sativum L. var It has been suggested that the auxin-inactivating system (IAA oxidase) has an important physiological role in the regulation of IAA (10, 28) . The enzyme may also play a role in plant disease resistance (2, 15). In addition, recent evidence suggests that IAA oxidase is a peroxidase which among its other cellular functions controls endogenous IAA levels (9, 18) .
It has been suggested that the auxin-inactivating system (IAA oxidase) has an important physiological role in the regulation of IAA (10, 28) . The enzyme may also play a role in plant disease resistance (2, 15) . In addition, recent evidence suggests that IAA oxidase is a peroxidase which among its other cellular functions controls endogenous IAA levels (9, 18) .
To obtain a better understanding of how a particular enzyme functions in physiological processes, its subcellular location can be of considerable significance. Many workers have localized peroxidase in various tissues (3, 4, 6, 9, 17, 19) . However, to our knowledge only a small effort has been made to localize IAA oxidase activity itself in plant cells (11, 23) .
The purpose of this study was to determine the subcellular location of IAA oxidase activity in etiolated Alaska pea epicotyls. The results indicate that most of the IAA oxidase activity is located in cell walls and organelles, and we conclude that this location is incompatible with its alleged role in the control of endogenous IAA. MATERIALS AND water. The imbibed seeds were sown in moist vermiculite and grown at 23 to 25°C in darkness for 8 days. Under dim green light, those epicotyls with the third internode 2 to 6 cm long were decapitated just below the hook in order to remove the auxinproducing, meristematic tissue. Ten-mm segments were excised immediately, or, alternatively, a point on the epicotyl 10 mm below the cut surface was marked with ink to delineate a "segment" of tissue. Hydrous lanolin (about 2 mg) with or without additives was applied to the cut apex. The segments were allowed to grow in the darkness while still attached to the plant for various periods of time. When they were removed to light for analysis, the lanolin paste was wiped from the seedling, the segments were excised at the mark, and the fresh weight and length were measured. Segments were then chilled at 2°C prior to homogenization. (Untreated segments excised immediately are referred to as "zerotime" segments.)
Fractionation. Unless otherwise noted, chilled segments were chopped with a razor blade by hand in a cold Petri dish for 8 min at-2°C in 1 volume of a standard grinding solution containing 0.2 M sucrose, 1 mm EDTA (pH 7.5), 10 mm KCI, 1 mM MgCl2, and 150 mm Tris-HCl buffer (pH 7.5).
After chopping the segments (remaining tissue fragments were no greater than 0.5 mm), the brei was squeezed through one layer of nylon cloth, and the filtrate was retained. The residue on the nylon cloth was ground in a chilled mortar and pestle in the same volume of buffer as before. The brei was again squeezed through nylon cloth and the liquid was discarded. The residue in the cloth was referred to as the "wall" fraction.
The filtrate was centrifuged at 5OOg (2,000 rpm) in a SS-34 rotor of a Sorvall RC-2B centrifuge for 10 min to remove cell nuclei and cell wall fragments. The supernatant was recentrifuged at l0,OOOg (9, (14) . Cyt c oxidase activity was estimated by a modification of the method of Smith (25) . NADH Cyt c reductase activity was determined by a method from Shore and Maclachlan (24) . IDPase3 activity was determined by a modification of the method of Shore and Maclachlan (24) . Acid phosphatase activity was determined from a method outlined by Barrett (1) .
RESULTS
Properties of 1AA Decarboxylating Activity in Floating Pea Stem Segments. Decarboxylation of IAA by segments excised from untreated peas (0 time segments) exhibited optimal activity at about pH 5.0 to 5.5 ( Fig. IA) and was linear for at least 3 h at this pH (Fig. 1B) . In the presence of 10 segments/ml, the reaction (Fig. 2) . Decarboxylation of LAA by tissue extracts had a similar pH optimum and was abolished after heating to 80°C for 5 min (data not shown). The reaction is similar to that described previously (27) , and seems to be enzymic, thus it will be refeffed to as IAA oxidase activity.
When segments were incubated intact (10 mm), or cut into halves (2 x 5 mm), or into quarters (4 x 2.5 mm), the rate of decarboxylation was proportional to the number of cut ends, not to the amount of the tissue and was linear for at least 3 h (Fig.  3A) . The rate of decarboxylation was approximately halved when either the apical or the basal ends were sealed with paraffin wax (Table I) . Of the enzymic activity that was released when freshly cut segments were rinsed in buffer, about 60%o was released from the cut surface within 1 min and all of the activity was released within 3 min (Fig. 3B) . The activity remaining in the segments declined to less than 25% of that in the unrinsed tissue after 4 min rinsing (Fig. 3B ) and this diminished rate of decarboxylation by rinsed segments was linear for at least 3 h (data not shown).
About 25% of the IAA oxidase activity could be pelleted in a membranous fraction when the released enzyme was centrifuged at 124,000g for 90 min. However, the fraction of enzyme that pelleted increased to about 50%o when lower centrifugal forces were used (Table II) . The fraction of IAA oxidase activity (50%o) that was pelletable under these conditions (10,000g, 10 min) was lower than that of catalase (84%), but higher than that of IDPase (38%) and acid phosphatase (31%) ( Table II) . Little activity was detectable in the pellet when the enzyme released from the cut ends was incubated with Triton X-100 for 15 min prior to centrifugation (Table II) . A substantial proportion of the IAA oxidase activity appears, therefore, to be associated with organelles. However, the largest fraction (60-65% of total activity) was found associated with the cell walls (Table II) .
Subcellular Localization of IAA Oxidase Activity. Initial experiments aimed at localizing IAA oxidase activity on sucrose gradients yielded unexpected results. When the resuspended membrane sample was layered on a gradient with sucrose at 15% or greater at the top, virtually all the enzyme activity remained associated with the soluble fraction, even after prolonged centrifugation (data not shown). However, when the top of the gradient was 10%o or lower, IAA oxidase activity readily entered the gradient, but much of the activity pelleted unless the bottom of the gradient consisted of 50%o or more sucrose (data not shown).
Exceedingly steep (10-60%1o) sucrose gradients had to be used, therefore, to allow IAA oxidase activity to enter the gradient, but prevent it from pelleting.
Zero time tissue and tissue treated with IAA for 1, 2, or 3 days contained about two-thirds of their total IAA oxidase activity in the cell wall (e.g. Table II ). However, since tissue treated with IAA for 3 days exhibited the greatest amount of IAA oxidase activity associated with membranes (data not shown), such tissue was used for studies on subcellular localization. Accordingly, tissue treated with IAA for 3 days was homogenized, the 10,000g pellet was resuspended, applied to a linear 10 to 60%1o sucrose gradient and centrifuged for 3 h. The gradient was fractionated and each fraction was assayed for IAA oxidase activity as well as for marker enzymes for each of the organelles. Values for each enzyme were converted to relative units (where the fraction of maximum activity within the organelle region of the gradient corresponded to 100o). From the profiles depicted in Figure 4 , it is apparent that IAA oxidase whose activity peaked at fraction No. 15 (Fig. 4C) Association of IAA oxidase activity with organelles. One hundred 10-mm segments from 3-day IAA-treated tissue were homogenized, the 10,000g pellet gently resuspended and applied to a linear 10 to 60%o (w/v) sucrose gradient. After centrifuging for 3 h at 105,000g (average), aliquots of each fraction were analyzed for marker enzyme activities. A, catalase; B, Cyt oxidase; C, IAA oxidase; D, NADH Cyt c reductase; E, IDPase; F, acid phosphatase. Activities were normalized by adjusting the maximum activity within the membrane fraction of the gradient to 100%o.
Peak activity for IDPase was at fraction 6 (210%o of peak membrane value) and for acid phosphatase at fraction 5 (165%). The pelletable activity which was solubilized on resuspension of the membrane pellet and did not enter the organelle region of the gradient was: catalase, 4%; Cyt oxidase, 0%o, IAA oxidase, 38%; NADH Cyt c reductase, 0%o; IDPase, 76%; acid phosphatase, 68%. . . 4A). The enzyme is not apparently associated with mitochondria or microbodies. IAA oxidase activity did sediment similarly to the major peak of NADH Cyt c reductase (fraction No. 14, Fig. 4D ) to IDPase (fraction No. 14, Fig. 4E ), and to acid phosphatase (fraction No. 14, Fig. 4F ). The enzyme seems to be associated with one or more of the organelles of the GERL complex. The fragile nature of the organelle(s) containing IAA oxidase activity was demonstrated when only about 60 to 65% of the activity in the resuspended pellet sedimented into the organelle region of the gradient. The remaining 35 to 40%o stayed in the soluble fraction (Fig. 4) . The proportion of marker enzyme activities that sedimented into the organelle region (Fig. 4) was even lower for IDPase (20- 25%) and acid phosphatase (30-35%) .
In an effort to find closer correlation between the distribution of IAA oxidase and one or more specific marker enzyme activities, an experiment was undertaken, which involved treatment of tissue for 3 days with lanolin, BA, GA3 or IAA, separating the resuspended membranes on gradients and assaying each fraction for IAA oxidase and GERL marker enzyme activities. The fraction within the organelle region of the gradient exhibiting maximum activity for each enzyme is recorded in Table III 15 .0 (IAA oxidase), 14 .0 (NADH Cyt c reductase), 14.9 (IDPase), and 15.5 (acid phosphatase). IAA oxidase activity seems, therefore, to be most closely correlated with golgi, less so with lysosomes, and even less so with ER. This conclusion is supported when the coincidence of peak activities is considered (values of 0 in parentheses in Table III) . Golgi activity coincided 6 out of 12 times with IAA oxidase, lysosomal activity 4 times and ER activity twice.
DISCUSSION
Investigations of the properties of IAA oxidase in tissue segments revealed similarities in the mode ofaction (decarboxylation) (1) 15 (0) 16 (1) 12 15 14 (1) 15 (0) 16 (1) Mean 15.0 14.0 (13) 14.9 (7) 15.5 (10) and the pH optimum of the reaction (Fig. 1, A and B) to those found previously (21) . The kinetics of the reaction (Fig. 2) are also comparable to earlier reports (27 (Fig. 3A) . Covering one or both cut ends of the segments with paraffin (Table I) as well as measuring the rate of enzyme lost from the tissue (Fig. 3B) supported the view that most of the IAA oxidase activity that was actually measured was present in, and released from, the cut cells.
In addition, the rate of decarboxylation of IAA was linear for at least 3 h in unwashed segments (Fig. 1B) [5] and IAA-induced growth [29] ), the inference is clear that the majority of IAA oxidase activity actually assayed occurred in, or was released from, damaged cells. This contention is supported further by the fact that 75% of the total IAA oxidase activity was removed by rinsing (Table II) (Table II) . Plesnicar et al. (19) suggested that mung bean peroxidase may also be released from membranes by ultracentrifugal compaction. Two of the marker enzymes, IDPase and acid phosphatase, which are thought to be localized exclusively within organelles (22, 24) yielded a smaller fraction associated with membranes than did IAA oxidase (Table  II) .
The IAA oxidase activity associated with membranous components sedimented similarly (Fig. 4) to IDPase (golgi), the major peak of Cyt c reductase (ER) and acid phosphatase (lysosomes). Further experiments (Table III) showed a closer correlation of IAA oxidase to the acid phosphatase and IDPase than to the Cyt c reductase. This, however, does not rule out an association of IAA oxidase activity with the ER. The probable association of IAA oxidase with these organelles is not altogether surprising, since most enzymes found in cell walls are thought to be synthesized on the ER and processed in golgi prior to secretion (7, 13) .
IAA oxidase activity also co-sedimented with the marker enzyme for lysosomes (Fig. 4 , Table III ) which are thought to give rise to plant vacuoles (16) . Furthermore, peroxidase activity has been reported in vacuoles by several authors (12, 17) . Such a vacuolar location also implies sites in the ER and golgi since several reports indicate that vacuoles arise from these organelles (13) .
The density gradient fractionation studies indicate that a large proportion of IAA oxidase appears to be soluble as does an even b Number of fractions distant from IAA oxidase peak. b Profiles depicted in Figure 4 . greater proportion of IDPase and acid phosphatase (Fig. 4) . Since these marker enzymes are supposedly entirely limited by membranes (22, 24) 
